We build a theoretical platform for predicting the behavior of tethered-bead single-molecule experiments, accounting for bead translational and rotational fluctuations, the specific type of experimental setup, and the detailed application of tension to the tether molecule. Within this framework, the external force applied to the bead is distinguished from the instantaneous force transduced to the tether molecule, resulting in a distinction between the observable response of the bead and the underlying force fluctuations felt by the tether that directly affect the biomolecular processes being studied. Our theoretical model indicates that the spread of the distribution of tether forces increases with applied external force, resulting in substantial deviations between the external and tether forces. We find that the impact of rotational and translational fluctuations of the bead motion is larger in magnetic tweezers than optical tweezers. However, this distinction diminishes at large external forces, and our asymptotic expressions offer a simple route for experimental analyses. Overall, our theory demonstrates that fluctuations in the tether molecule due to bead rotation and translation lead to a broad range of tether forces.
I. INTRODUCTION
Single-molecule experiments are widely utilized to measure critical biomolecular properties that cannot be determined from bulk experiments. Such single-molecule experiments are employed to directly measure mechanical properties of biopolymers [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] , biomolecular kinetics [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] , interactions between proteins and nucleic acids [26] [27] [28] [29] [30] [31] [32] [33] [34] [35] , and dynamics of folding and unfolding of biopolymers [36, 37] . Thus, single-molecule experiments have elucidated a broad range of physical mechanisms underlying biological processes and molecular behaviors.
A typical single-molecule experiment employs a bead attached to a tether molecule that is the biopolymer of interest or acts as a force transducer to an attached protein or nucleic acid. The bead is sufficiently large to directly observe its behavior and to manipulate its position through magnetic fields or optical traps. Three single-molecule apparatuses are shown in Figs. 1(a) (magnetic tweezer), 1(b) (single-beam optical tweezer), and 1(c) (dual-beam or force-clamp optical tweezer). These images are generated from Monte Carlo simulations of 2000 bp of DNA tethered to a bead with radius a = 340 nm subjected to approximately 1 pN of force, representing typical conditions for many single-molecule experiments.
The external force f applied to the bead and the tether force F that is actually felt by the tether molecule is not necessarily the same. For example, Fig. 1(d) shows a Monte Carlo simulation of a tethered bead with a fixed position undergoing rotational fluctuations. Since the bead position is fixed, the external force f is a constant. However, the rotational motion implies fluctuations in the tether extension, leading to fluctuations in the tether force F . Intrinsic fluctuations associated with bead translational and rotational motion are an unavoidable aspect of single-molecule manipulation and may dramatically alter the measured behavior.
In this manuscript, we develop a theoretical model for tethered-bead single-molecule experiments that incorporates bead translational and rotational motion and the specific application of external force for the apparatus of interest. This treatment offers a simple approach for comparison with experimental bead-position distributions and provides a detailed prediction of the distribution of forces experienced by the molecular tether. Since force-dependent enzyme kinetics are predicted to be dramatically affected by force fluctuations [38] , the distribution of tether forces is likely to be a critical determinant of the biomolecular kinetics and is important in expanding the quantitative capabilities in single-molecule biophysics.
Previous theoretical treatments play a pivotal role in experimental analyses. The response of DNA to tension is captured using the wormlike chain (WLC) model [39] , identifying the entropic elasticity of DNA as a critical component in its response. The ease of implementation of the Marko-Siggia theory [39] establishes this work as a ubiquitous tool for experimental comparison. Additional physical effects are incorporated into theoretical models of single-molecule experiments, including bead rotation [40] , bead excluded volume [41] , twist [42] [43] [44] , and sequence-dependent elasticity [45] .
Theoretical treatments generally address the average extension of the tether molecule rather than predicting the range of the fluctuations that the tether experiences. Our work offers a simple approach to address the range of tether forces for specific experimental systems and conditions, providing a new set of quantitative tools for single-molecule biophysics. We provide online numerical packages for general application of our results, and our simple asymptotic solutions provided in this manuscript are generally applicable to a broad range of experimental conditions.
Our theoretical development is provided in Sec. II of this manuscript. We discuss our results in Sec. III, focusing on the impact of rotational and translational fluctuations of the tethered bead on the distribution of forces transduced to the tether in single-molecule experiments. We conclude in Sec. IV by summarizing our findings and elaborate on future research goals.
II. THEORETICAL MODEL
The first step towards building our theory is to establish a statistical description of the tether molecule. The tether molecule is governed by the wormlike chain model [46, 47] , as in a number of theoretical treatments of DNA and other semiflexible polymers [39] [40] [41] [48] [49] [50] [51] [52] [53] [54] .
The tether strand is described as a thread whose conformation is given by the space curve r(s), where s is an arc-length parameter that runs from zero at one end of the chain to the contour length L at the other end. As in linear elasticity theory [55] , the bending deformation energy is given by
where k B T is the thermal energy, and the persistence length l p scales with the rigidity of the polymer. To enforce chain inextensibility, the tangent vector t(s) ≡ ∂ s r(s) is constrained to be a unit vector at all locations along the chain. Subjecting the elastic thread to thermal fluctuations results in the wormlike chain model [46, 47] . We define the wormlike chain Green function G( R; L), which gives the probability that a chain beginning at the origin will have its opposite end located at the spatial position R. Evaluation of the Green function G( R; L) is performed using a path-integral formulation [56] , formally expressed as Our exact solution to Eq. (2) [57] [58] [59] [60] is rendered after performing a Fourier transform from R to k and a Laplace transform from the dimensionless chain length N = L/(2l p ) to p. The transformed Green function is given by
where
The ellipses in Eq. (3) implies that the solution is an infinite continued fraction with the recursive form set by the first three layers. The real-space Green function G( R; L) is found by performing a numerical Fourier-Laplace inversion of Eq. (3) [60] . Reference [60] presents accurate realizations of the wormlike chain Green function over a broad range of chain lengths N , demonstrating polymer behaviors ranging from rigid to flexible.
We develop a general framework for modeling the physical behavior of a bead that is subjected to external forces and is attached to a surface by a DNA strand or other molecular tether. Figure 2 shows a general schematic of a tethered bead, defining the geometric quantities used in our development. In our model, we assume that the external force is applied to the bead center point C and that the bead does not experience an external torque. Furthermore, we assume the tether attachment points O and B are free swivels, resulting in end orientations that are able to rotate. Theoretical predictions for experiments with clamped ends can be found using our results for the wormlike chain Green function with fixed end orientations [58] [59] [60] ; however, we restrict our discussion in this manuscript to the free swivel case.
Since our analysis is restricted to external forces applied to the bead center point, the statistical behavior of interest is expressible in terms of the bead center position R only. Therefore, we define a tethered-bead Green function G B (R; L) that gives the probability of finding the bead center at position R regardless of the bead orientation. Without loss of generality, we align the bead center position R with the z axis and define the bead orientation u according to the spherical polar angles φ and θ . The tethered-bead Green function is then defined as
where ρ = cos θ , and N is a normalization constant that fixes G B to satisfy
for given a and L. The limits on the integral in Eq. (5) go from a to a + L, as we limit the available bead separations due to the bead radius a and fixed chain length L.
As the tether approaches a fully stretched configuration, the wormlike chain Green function approaches the asymptotic form [60] ,
In this limit, the tethered-bead Green function is approximated as
where N is a normalization constant that satisfies Eq. (5), and
The above integral can be carried out using the change of variable
We express the solution of the above integral as
where the exponential integral
. Equation (9) provides an accurate prediction for G B in the limit of R approaching a + L (note, R < a + L). We exploit this asymptotic form of G B in our treatment of individual experimental apparatuses.
Focusing on magnetic and optical tweezers, we now proceed to describe the use of the Green function G and the tethered-bead Green function G B in predicting the tetheredbead statistical behavior and the underlying tether-force distributions.
A. Magnetic-tweezer theory
We consider a magnetic-tweezer apparatus, corresponding to Fig. 1(a) . This experimental apparatus includes a tethered bead of radius a located at position R with a constant tension f applied in the z direction. We neglect torques that arise from permanent magnetization of the bead. The bead-position statistical behavior for this experimental apparatus is predicted by the probability distribution,
where G B is the tethered-bead Green function given by Eq. (4), and
where the integral over R is restricted to Z > a and | R| < a + L.
In the limit of large external force f , the tether approaches a fully stretched conformation. Thus, the tethered-bead Green function G B is accurately evaluated using Eq. (9) in the large-force limit. Using the asymptotic G B [Eq. (9)] in G (m) provides an analytical expression for the bead-position statistical distribution for the magnetic-tweezer apparatus.
The bead rotational fluctuations lead to a distribution in the extension of the tether molecule. We define the probability density function of the tether end-to-end distance P
Upon performing the integrals and simplifying, we find
where β = 1/(k B T ), and N is a normalization constant that enforces
Our model indicates that end-toend distance probability density function of the tether is independent of the bead radius a for magnetic tweezers. We obtain the probability density function P (m) F for forces transduced to the tether in a magnetic tweezer,
where N is a normalization constant that enforces
As the external force f increases, the tether approaches a fully stretched configuration. In the large-f limit, we use the asymptotic form of the wormlike chain Green function, given by Eq. (6) [60] . The end-to-end distance distribution can be rewritten as
where N is a normalization constant that satisfies (14) into Eq. (13) gives rise to the tether-force distribution at large tension,
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where N is a normalization constant to satisfy
are the nondimensional tether force and external force, respectively.
B. Optical-tweezer theory
We now proceed to develop a theory for a single-beam optical-tweezer apparatus, corresponding to Fig. 1(b) . Our development parallels our treatment of the magnetic-tweezer apparatus, resulting in analogous statistical distributions. We focus on the single-beam optical tweezer in this work; however, the dual-beam optical-tweezer apparatus [ Fig. 1(c) ] is modeled using similar approaches.
A single-beam optical tweezer has a tethered bead of radius a located at position R that is held in an optical trap, modeled as a harmonic potential with a trap stiffness κ at position R T . Our theory neglects any nonlinear behavior in the optical trap; however, this can be easily inserted into our theory when these effects need to be addressed. The bead-position statistical behavior of this apparatus is given by
As in the magnetic-tweezer theory, the limit of large external force f leads to the tether approaching a fully stretched conformation. Thus, the tethered-bead Green function G B is accurately evaluated using Eq. (9) in this limit, and an analytical expression for the bead-position statistical distribution for the optical-tweezer apparatus is found using the asymptotic G B [Eq. (9) ] in G (o) . The probability density function of the end-to-end distance of the tether P
We set the trap position to R T = Z Tẑ . Taking advantage of azimuthal symmetry, we rewrite the probability density function of the end-to-end distance as
where I 0 is the 0-order modified Bessel function of the first kind, ρ D = cos θ D , θ D is the polar angle of R D , ρ u = cos θ u , θ u is polar angle of u, and N is a normalization constant that sets
We evaluate the double integral in Eq. (18) numerically. The probability density function of the tether force can now be calculated via
where N is a normalization constant that satisfies dF P
/∂D is the force acting on the tether along its end-to-end vector.
Unlike the magnetic-tweezer theory, expressions for the optical-tweezer distribution functions require numerical integration to render the final realizations. We do not explore the asymptotic behavior for large external force f , since this limit still requires numerical evaluation of the expressions in Eq. (19) . However, we show in Sec. III that Eqs. (14) and (15) yield accurate results for both the magnetic-and opticaltweezer theories for moderate to large external tensions.
III. DISCUSSION
Our theoretical treatment provides a detailed prediction for both the observable bead-translation statistics and the underlying physical behavior of the tether strand that arises from bead translational and rotational fluctuations. We first demonstrate that our theory reproduces experimental distributions for a magnetic-tweezer apparatus [61] with λ-phage DNA (48 502 bp) attached to a magnetic bead with radius a = 1500 nm subjected to an external magnetic field. Figure 3 shows the Brownian motion of a bead in magnetic tweezers (or the probability distribution of the tethered-bead center position G (m) ) obtained by our theory (left half) using Eq. (10) and by experiments [61] (right half) for several different stretching forces. The theoretical prediction is performed for a persistence length l p = 48 nm with a z-direction offset of 2382 nm. The cluster of points represents the positions of the bead center along the horizontal and vertical direction while the tension is applied; thus, darker regions show higher probability to locate the bead center. Motion in the y direction is not shown, since the motion of the bead center is symmetric about the z axis.
The location and spread in the bead-position distribution exhibits a clear trend as the tension increases. The bead is able to fluctuate substantially at low forces due to the entropic preference for tether-position explorations and bead rotational fluctuations. As such, the bead explores displacements of approximately a micron from the mean position along the z axis. As the tension increases, the energetic penalty for the bead to move against the tension is prohibitive. Thus, the bead position extends along the z axis, and translational fluctuations are diminished. Our theory quantitatively matches the experimental distributions for tensions f = 0.097 nm, f = 0.35 nm, and f = 3.36 nm.
However, the experimental distribution for the lowest tension (f = 0.040 nm) is skewed towards the positive z direction, thus deviating slightly from the theory. Our theory neglects interactions between the tether and the bead and between the tether and the surface. The lowest tension corresponds to a dimensionless external forcef = 2l p f/(k B T ) = 0.94. A dimensionless force off ≈ 1 marks the transition point where transverse conformational wiggles of the tether strand become substantially reduced and the tether can be approximated as a nearly straight chain. We propose that the deviation between experiment and theory for f = 0.040 nm is caused by tether-bead and tether-surface interactions; these interactions are negligible at the larger tensions. We note that our theory offers a diagnostic check for physical interactions in the system that are difficult to determine from force extension alone.
We also demonstrate that our theoretical predictions of the mean and variance of bead position for a magnetic tweezer with dsDNA of length 2.7 μm attached to a magnetic bead with radius a = 1400 nm subject to different external magnetic forces are in good agreement with the experimental results [62] . Figure 4 (top panel) shows the comparison between average center position of the bead in the vertical direction (z direction) obtained by our theory (solid line) and by the experiments [62] (circles). Figure 4 (bottom panel) illustrates the comparison between variance of bead center position in the transverse direction (y direction) from our theory (solid line) and from experiments [62] (circles). In this theoretical prediction, we utilize a contour length L = 2.7 μm and a persistence length l p = 53 nm for dsDNA.
The deviation of theoretical prediction and experimental data for the average bead center position at high external force values greater than 10 pN shown in Fig. 4 (top panel) is due to inextensibility assumption of the wormlike chain model utilized in the theory. In addition, the constant variance in transverse direction at low tension predicted by our theory (Fig. 4, bottom panel) is indicative of the dominance of thermal fluctuations over external force applied to the magnetic bead. Overall, Fig. 4 demonstrates a good quantitative agreement between theoretical prediction and experimental observation for bead center position in the vertical direction and its variation in the transverse direction in the range of external forces less than 10 pN, which is the entropic regime of the inextensible WLC.
Variation in the bead position arises from both translational and rotational fluctuations. To provide insight into the extent of rotational fluctuations, Fig. 5 presents the magnetic-tweezer Green function G (m) for tether length 2000 bp along with the spectrum of rotational fluctuations at the most-probable bead position. We choose shorter length of tether than in Fig. 3 , since recent single-molecule experiments tend to utilize shorter molecular tethers. The probability of finding the bead center at z position Z and perpendicular position R ⊥ (rotationally symmetric about the z axis) is shown on a color scale from red (high probability) to blue (low probability). The tension The top and bottom rows correspond to bead radius a = 100 nm and bead radius a = 500 nm, respectively. The black-and-white bullseye on each plot identifies the bead position with the largest probability. Around the bullseye, we draw a circle to identify the bead-surface location. The shading of the surface circle indicates the orientation probability of the tether attachment point, where white indicates high orientation probability and black indicates low orientation probability.
increases from left to right as f = 0.05 pN, f = 0.10 pN, f = 0.20 pN, and f = 0.50 pN. The top and bottom rows of plots in Fig. 5 show results for bead radius a = 100 nm and bead radius a = 500 nm, respectively. We identify the tether anchor point by the red circle, and the surface is located on the green line. The dashed red lines identify the boundary of permissible bead positions due to both bead-surface interaction and full extension of the tether. On each plot, the black-andwhite bullseye indicates the position of highest probability. The circle drawn around this point identifies the bead surface location. The shading of this circle gives the bead orientation probability, where white is high probability and black is low probability.
The magnetic-tweezer Green function presented in Fig. 5 demonstrates the sensitivity of the observed behavior on the radius of the bead. For bead radius a = 100 nm (a/L = 0.15), the perpendicular fluctuations are relatively centralized to the anchoring axis. Although the bead rotational fluctuations are very large for the small bead, the impact these fluctuations have on the position is not large due to the small bead size. For large bead radius a = 500 nm (a/L = 0.74), fluctuations in the perpendicular direction are dramatically enhanced by the coupling between bead rotation and translation. This amplified coupling exists for a/L ≈ 1, as is the case for the bottom row of Fig. 5 . The rotational fluctuations of the smaller bead are more significant than the larger bead, as shown by the rotational probability shading in Fig. 5 . However, the coupling between rotation and translation is larger for the larger bead. As the force increases to 0.50 pN, the two statistical distributions approach each other, and the bead-position statistics are no longer sensitive to the bead radius.
The bead translational and rotational fluctuations decrease with increasing tension, leading to a tighter distribution of bead positions. However, the reduction of position fluctuations does not necessarily imply that fluctuations in the tether force also decrease with tension. As the tether approaches full extension, the force-extension behavior becomes extremely nonlinear, such that small changes in end-to-end distance lead to large changes in the tension. Therefore, diminishing translational and rotational fluctuations does translate to a commensurate reduction in the tether-force fluctuations. Since the tether force is the physical parameter that immediately impacts the biological processes that are being measured, knowledge of the tether-force distribution is essential to establish a quantitative determination of these processes based on the observable behavior of the manipulated bead. We now proceed to predict the force distribution in single-molecule experiments involving magnetic and optical tweezers.
The top panel of Fig. 6 provides the magnetic-tweezer end-to-end distance probability density function P results in Fig. 6 provide predictions for all magnetic-tweezer measurements. Figure 6 shows that the end-to-end distance distribution P (m) D narrows with increasing tension, reflecting the diminishing translational and rotational fluctuations demonstrated in Fig. 5 . Although the end-to-end extension exhibits smaller fluctuations with increasing tension, the tether-force distribution broadens with increasing tension, implying that the forces experienced by the tether molecule experience larger fluctuations with increasing external forces. The nonlinear force-extension behavior of the tether molecule at large tensions leads to the tether force being extremely sensitive to small changes in the end-to-end distance. Although the bead is more constrained at large tensions, very small rotational fluctuations dramatically alter the tether force, since the tether is almost fully stretched at high tensions. As such, the coupling effect of translational and rotational fluctuations can be very influential in determining the actual forces the tether feels.
The optical-tweezer apparatus exhibits similar trends as those exhibited by the magnetic-tweezer predictions. In an optical tweezer, the trap position is fixed at R T = Z Tẑ , leading to an average external force vector of
and an average external force f = | f | = κ|Z T − Z |. Thus, determining the response of a tethered bead in an optical trap at a fixed force involves varying Z T until the prescribed average external force f is achieved, as in the experimental system. The top panel of Fig. 7 illustrates end-to-end distance probability density function P with trap stiffness κ = 0.1 pN/nm. These curves correspond to average external force values f = 0.05 pN (black), f = 0.10 pN (green), f = 0.20 pN (blue), and f = 0.50 pN (red) by setting the trap positions to Z T = 342 nm, Z T = 473 nm, Z T = 573 nm, and Z T = 651 nm, respectively. Therefore, the curves in Fig. 7 for the optical tweezer correspond identically to the curves in Fig. 6 for the magnetic tweezer. Compared to the magnetic tweezer, the end-to-end distance distributions in Fig. 6 exhibit a similar narrowing with external tension, with the optical-tweezer curves being substantially narrower than their corresponding magnetic-tweezer curves. The optical tweezer applies a more rigid restriction on the translational motion of the bead than the magnetic tweezer, leading to a reduction in the spread of the end-to-end distance distribution for the optical tweezer for the force range in Figs. 6 and 7 .
The bottom panel of Fig. 7 depicts the tether-force probability density function P
F for a tethered bead (radius a = 100 nm, tether length 2000 bp) in an optical tweezer. The average external forces f applied to the bead correspond to the forces used to obtain end-to-end distance distributions in the top panel. As with the magnetic tweezer, the force distribution broadens with increasing force; however, the spread in an optical-tweezer distribution is generally narrower than its corresponding magnetic-tweezer distribution.
Figures 6 and 7 demonstrate that as the applied force in a magnetic or optical tweezer increases, the spread in the endto-end distance decreases. However, the spread in the forces experienced by the tether increases with increasing external force. To characterize this effect, we define the tether-force spread σ F = F 2 − F 2 , where · · · indicates an average with respect to the distribution P (m) F for a magnetic tweezer or P
(o)
F for an optical tweezer. Figure 8 provides predictions for the tether-force spread σ F for magnetic (black) and optical tweezers with bead radius a = 0 nm (magenta), a = 50 nm (green), a = 100 nm (red), and a = 500 nm (blue) versus the external force f . The top panel shows the tether-force spread σ F , and the bottom panel provides the relative spread σ F / F . The dashed black curves in Fig. 8 provide predictions for the asymptotic behavior of the tether-force spread in the limit of large external tension f , using Eq. (15) for the tether-force distribution. This asymptotic behavior is developed for the magnetic tweezer and achieves quantitative accuracy for the magnetic tweezer at approximately f = 0.1 pN. However, external tensions f > 6 pN demonstrate that the optical tweezer and magnetic tweezer converge, and the asymptotic form reliably captures the spread in the tether-force distribution. Figure 8 demonstrates that the force experienced by the tether molecule F typically fluctuates in excess of 10% of the applied external force f . These typical excursions would periodically involve transient deviations of the tether force F from the applied force f . Recent theoretical modeling of force-dependent enzyme kinetics [38] predicts that transient force fluctuations dramatically alter the rate of enzyme activity. Thus, the average tether force F may not be sufficient to determine the rate of a force-dependent chemical reaction, and further knowledge of the tether-force distribution is essential.
The trend in single-molecule experiments is to utilize shorter tether lengths to enhance the experimental signal-to- noise ratio for the bead-position determination. However, our theory indicates that tether force fluctuations increase with short tether length. Figure 9 illustrates the effect of tether length L on the tether-force spread σ F utilizing asymptotic tether-force distribution at large tension [Eq. (15) ]. According to Fig. 9 , force fluctuations increase with decrease in tether length and increase with external force f . This indicates the pivotal role of rotational and position dynamics of the bead, particularly at short tether lengths and high tensions. In this regime, small rotational and position fluctuations of tethered bead significantly impact the force experienced by the tether, which is near full extension.
Our work provides a detailed prediction of the tether-force distribution for different experimental apparatuses and conditions. We provide code to predict the bead-center distribution, the end-to-end distribution, and the tether-force distribution for magnetic and single-beam optical tweezers. Although in the present work our theoretical development is focused on these two single-molecule tweezers, further extension to include the most recent single-molecule apparatuses, dual-beam and force-clamp optical tweezers, can be readily implemented. Specifically, in dual-beam optical tweezer, to calculate the probability density function of the end-to-end distance of the tether, one is only required to modify Eq. (17) to include all possible rotations of the second bead and its potential energy in the harmonic well of the optical trap. In the case of the clamp-force optical tweezer where the second bead is at the zero-stiffness point of the optical trap, the work done by the external force at the center of the second bead should be included. However, it is noteworthy that at large enough tension, behavior of the tether is independent of the geometry and experimental configuration, since the tether is almost at its full extension. This is also predicted by our theoretical findings in Fig. 8 indicating that at high tensions ( 10 pN), the tether force and its relative spread are indistinguishable between magnetic and optical tweezers. Thus, the asymptotic treatment for G B [Eq. (9)], P D [Eq. (14)], and P F [Eq. (15) ] provide sufficiently accurate predictions at large tensions for many experimental systems including dual-beam and force-clamp optical tweezers.
IV. CONCLUSIONS
In this paper, we build a theoretical model to predict the behavior of tethered-bead single-molecule experiments and the distribution of forces experienced by the tether molecule. Our theory incorporates both the translational and rotational degrees of freedom of the tethered bead, thus predicting their coupled influence on the observed behavior. Making use of our exact results for wormlike chain statistics [57] [58] [59] [60] , the theory achieves accuracy over all experimentally relevant choices of parameters. The theory incorporates the differences between specific experimental systems, making it possible to discriminate their differences. However, we provide asymptotic results that accurately predict behavior for moderate to large external forces, providing a convenient method of incorporating our theory in experimental analyses.
Our theoretical analysis proceeds from single-molecule statistics to tethered-bead statistics to a statistical description that predicts behavior in specific experimental systems. Using our theoretical bead-center distribution, we demonstrate that our theory reproduces experimental distributions for a magnetic-tweezer apparatus [61] . Given that our theory is able to reproduce observable behavior of the bead-position fluctuations, we proceed to generate theoretical distributions of tether end-to-end distances and the tether forces. The resulting predictions demonstrate that translational and rotational fluctuations cause the force transduced to the tether to fluctuate. We predict that the force fluctuations are larger for magnetic tweezers than for optical tweezers. However, our theory indicates that such force fluctuations will be independent of bead radius and specifics of experimental setups at large applied forces. Our predictions indicate that due to these force fluctuations, actual forces experienced by the tether molecule can vary substantially from its average force and from the external force.
Altogether, we find a very rich predicted behavior for tethered-bead single-molecule experiments. Our current treatment predicts the distribution of end-to-end distances of the tether molecule. The distribution of tether forces is derived directly from the end-to-end distribution, assuming the tether force is an average over all polymer conformations. Future work will address the dynamics of bead translational and rotational motion as well as the tether molecule conformational dynamics. These analyses will be used to address enzyme kinetics under conditions where the force exhibits fluctuations and dynamic relaxation. Ultimately, these effects are crucial in our understanding of enzyme function within the fluctuating environment of a cell.
